Abstract
However, the disadvantages of char, such as low fire-retardant efficiency, in large amounts make the physical properties of paper poor. Moreover nitrogen-based compounds and metal compounds have the same effect. Phosphazene flame retardants have some advantages such as being halogen-free, more efficiency, as well as emitting less smoke and nontoxic and non-corrosive gas formed during combustion; hence it is considered the development direction for flame retardants [19] . Some literatures report that hexaamidocyclotriphosphazene (HACTP) and its derivative-hexa(N-hydroxymethyl)amidocyclotriphosphazene (HHMAPT) have good flame retardancy in textile fiber [20, 21] . Based on the similarity between paper and textile composition, the authors studied the flame retardant effect of HACTP and HHMAPT in paper, and found that they had good flame retardancy in paper; but the water resistance and strength of the flame retarded paper with them were poorer [22 -24] . Melamine formaldehyde resin is often used as a wet strength agent and a nitrogen based flame retardant for paper, and has a synergistic effect with phosphorus based flame retardant. Therefore the authors studied the synergistic flame retardant effect of HHMAPT and partially methylated melamine formalbiodegradable, recyclable and cheap material, paper products have been used in many fields such as packaging materials, building decoration, high-voltage transformers, and automobile exhaust emissions, where paper products must have good flame retardant properties [2] . Adding flame-retardant additives to paper products is the main way to reduce flammability. Currently flame retardants may be based on halogens [2, 3] , phosphorus [4 -7] , nitrogen [5, 6] , and boron system flame-retardants as well as metal compounds (such as metal hydroxide [7] , oxide [8 -10] and its silicate [11, 12] , etc.). The halogen-based compounds, which are the most effective and cost-efficient flame retardants, have been criticised for both environmental and safe reasons [13] . They can be leached from the polymer into the environment and can accumulate inside human and animal bodies. Moreover they release toxic gases during combustion [14, 15] . Phosphorus-containing flame retardants are more suitable than halogen-based compounds. Phosphorusbased compounds favour the formation of char instead of combustible volatile species [16] . The char, a multilamellar carbonaceous structure, acts as a thermal insulator and protects the surrounding polymer from further decomposition and thus has a flame-retardant effect [17, 18] .
DOI: 10.5604/12303666.1201144 n Introduction
Cellulose obtained from plant fibers is the most abundant natural polymer. It is widely used but flammable. Being a typical example, paper and paper products as a three-dimensional fibrous network are extremely easy to burn. Growing environmental concern and fire safety have drawn increasing attention to the need for flame retardant properties of paper and its products [1] . Due to the properties of dehyde resin (PMMM) in paper. In this paper, the results are presented.
n Experimental part
Canada dolphin softwood papers with a weight of 1000 g/m 2 and thickness of 1.0 mm as well as 70 g/m 2 and 0.09 mm, respectively, were provided by Qingdao Tianfeng Makepaper Co. LTD., China. Hexachlorocyctriphosphazene was provided by Zibo Lanyin Chemical Co. LTD., China. Ammonia was supplied by Qingdao Pengxin Gas Manufacturing Co.LTD., China. Other materials were analytical reagents purchased from Tianjin Kemiou Chemical Reagent Co.LTD., China. All materials were used without further purification in this work.
Preparation of hexa(N-hydroxymethyl)amidocyclotriphosphazene (HHMAPT)
HHMAPT was prepared according to literature [20] . The process is as follows: aa mixture of hexaamidocyclotriphosphazene and ammonium chloride (40.0 g, which contain 0.067 mol of hexaamidocyclotriphosphazene) and 50 ml of deionized water were placed in a 250 ml fournecked round-bottomed flask equipped with a reflux condenser, thermometer and mechanical stirrer. The pH of the dissolved mixture was adjusted to about 9 with triethanolamine, then 37 wt.% formaldehyde solution (37.3 g, 0.46 mol HCHO) was added dropwise over a period of 40 min at room temperature. In the following, the contents were reacted at 70 °C for 3 h. 128 g of the product was obtained by cooling the contents to room temperature. The product is a colourless and transparent solution with of about 7 pH, 21.5 wt.% of HHMAPT and 6.89 mPa . s viscosity.
The chemical reaction equation for HHMAPT is presented in Figure 1 .
Preparation of partially methylated melamine formaldehyde resin (PMMM)
PMMM was prepared according to literature [25] . The process is as follows: 29.0 g of 37 wt.% formaldehyde solution, 4.1 g of 95 wt.% paraformaldehyde and 40.0 g of methanol were placed in a 250 ml four-necked round-bottomed flask equipped with a reflux condenser, thermometer and mechanical stirrer. The pH of the dissolved mixture was adjusted to 8.0 -9.0 with 20 wt.% sodium hydroxide solution, then the contents was heated to 50 °C and 11.2 g of melamine was added. Subsequently the content was heated to 60 °C and maintained for 4 -5 h, then 14.0 g of methanol was added. When the content was cooled to 35 -40 °C, the pH was adjusted to 3.0 -4.0 with concentrated sulfuric acid, and then the content was maintained at 35 -40 °C till transparent, followed by 
Preparation of flame-retardant paper (FR-paper) sheets
First the solution of flame retardants was sprayed evenly on paper by a manual sprayer, then the paper was dried in a natural environment for 1 -2 h. During the process, the flame retardants were further uniformly distributed on the paper because of the permeability. Next the paper was dried in a ZY-GZQ paper dryer (Jinan Zhongyi Instrument Co. Ltd, China) at about 100 °C for 1 h and at 140 -150 °C for 10 min. The dried sheets were then cut into standard samples for flammability tests.
The amount of flame retardants can be calculated from the concentration and weight of the solution (half weight of the paper) sprayed onto the paper. 
Then the precipitation was followed by the procedure of filtration, drying and weighing. The content of phosphorous was calculated according to the formula presented in ISO 6598.
n Results and discussion
LOI tests and UL94 classification
The effect of the dosage of HHMAPT, PMMM and HHMAPT/PMMM on the LOI and vertical burning property of the paper was investigated. As can be seen in Table 1 , HHMAPT shows good flame retardancy in paper, and the LOI of which is increased with an increase in its dosage, while the vertical burning property is decreased. The LOI of the non-flame retardant paper is 22.1%, and burns completely. But the LOI of FR-paper with HHMAPT can be up to 47.5%, and the nonflammable level can be passed. Moreover the after flame time of the vertical burning is reduced to 1.5 s, with the burning time being 0 s and the char length only 4.5 mm as the dosage of HHMAPT increases to 6.0 wt.% based on the weight of paper. The LOI is equal to or greater than 52.0% as the dosage of HHMAPT is more than 9.0 wt.%. However, the FR-paper with HHMAPT has poor water resistance, and flame retardancy decreases significantly after washing, for example when the dosage of HHMAPT is 6.0 wt.%, the LOI of about 4 h, and finally the specimen was removed from the beaker, the water on its surface wiped off, which was followed by drying at 105 °C for about 1 h for testing.
Morphology analysis of residues
The morphology of residues obtained in the CCT was observed by scanning electron microscopy (SEM, S-4800 Hitachi High-Tech Corporation, Japan).
P NMR spectra measurement
31 P NMR spectra were acquired on an Advance 500 MHz spectrometer (Bruker Corporation, Germany) and D 2 O was used as a solvent. The sample was dissolved with 10% sodium hydroxide solution using phosphoric acid as an internal standard; 31 P chemical shifts were referenced against phosphoric acid (δ = 0 ppm).
Phosphorous content analysis
The content of phosphorous was measured by the quimociac gravimetric technique according to ISO6598. A 0.5000 g sample was placed in a 100 ml iodine flask, equipped with a reflux condenser, containing 15 ml 10% nitric acid solution.
The content was boiled for a few minutes using a heating jacket, to which 35 ml of a quimoc reagent was then added, subsequently cooled to room temperature, and left to stand for 30 min for precipitation.
Flammability tests
The and of a thickness of 1.0 mm was used for the flammability tests above.
Physical property test
The folding strength of the paper was measured according to the Chinese national standard GB/T 23843-89 with a ZZD-25B paper folding strength tester Paper with a weight of 70 g/m 2 and thickness of 0.09 mm was used for the tests above.
Washing test of the FR-paper
A washing test of the FR-paper was carried out according to GB/T 14656-2009. First the FR-paper specimen was put into a 2000 ml beaker, a glass tube with an inner diameter of 6 mm inserted into the bottom of the beaker, into which 24 -25 °C deionized water was injected continuously at a speed of 12 l/h for 
Cone calorimeter analysis
In order to further reveal the flame retardancy of HHMAPT, PMMM and HHMAPT/ PMMM in the paper, a CCT was carried out, in which the heat release rate (HRR), total heat release (THR) and mass loss (ML) were analysed. The results are presented in Figure 3 and some important data listed in Table 2 . As can be seen from the data, non-flame retardant paper burns very quickly after ignition, and the HRR increases rapidly up to a maximum of 569.3 kW/m 2 in 75 s. Meanwhile the THR also increases rapidly; the weight decreases quickly, and the the -OH of paper cellulose molecules, which make the cellulose molecules crosslinked, thus improving the strength of the paper [26] . The N-CH 2 OH or N-CH 2 OCH 3 of PMMM could also be etherified or transetherified by the N-CH 2 OH of HHMAPT, which make HHMAPT bond chemically to cellulose molecules (presented in Figure 2) , and hence it could not easily be washed off by water, thereby increasing the strength and water resistance of the FR-paper. Phosphorus content analysis confirms the conjecture above. The phosphorus residual rate of washed FR-paper with 6 wt.% HHMAPT alone is 51%, while the phosphorus residual rate of washed only 24.0%, with the paper undergoing complete combustion in the vertical combustion test. When the amount of HHMAPT is 6 wt.%, the combination of HHMAPT and PMMM has little influence on the flame retardant properties of unwashed FR-paper, but a significant effect on those of washed FR-paper. With an increasing amount of PMMM, the LOI of unwashed FR-paper increases slightly, and after the flame time decreases slightly, with the burning time and char length showing no significant change. However, the LOI of washed FR-paper has a significant increase, and the after flame time and char length decrease significantly. When the amount of PMMM is more than 10 wt.%, the LOI of the washed sample is more than 33.5%; the after flame time and average char length of vertical combustion are less than 4.8 s and 12 mm, respectively, and the burning time was 0 s. The above results reveal that FR-paper with HHMAPT/PMMM has good water resistance. The poor water resistance of FR-paper with HHMAPT is ascribed to physical adsorption, and hence it is easily washed by water. PMMM is a wet strength agent for paper. N-CH 2 OH or N-CH 2 OCH 3 of the PMMM molecule could be etherified or transetherified by 
Figure 4. Photos of residues of the paper and FR-paper. a -Base paper;d b -Unwashed FR-paper with HHMAPT, c -Washed FR-paper with HHMAPT, d -Unwashed FR-paper with HHMAPT/PMMM, e -Washed FR-paper with HHMAPT/PMMM, f -Unwashed FR-paper with PMMM.
which shows that FR-paper with HH-MATP/PMMM has better flame retardant properties and water resistance than with HHMAPT. The burning behaviour of FRpaper with 10 wt.% PMMM is similar to that of base paper, which indicates that PMMM has a poor flame retarded effect in paper. The conclusion above is basically consistent with that of the limiting oxygen index (LOI) and vertical combustion test.
Fire retardancy mechanisms
The flame retardancy mechanism of HH-MAPT/PMMM in paper was discussed by analysis of the residue obtained in the CCT. Photos of residues of the paper and FR-papers are presented in Figure 4 (see page 157).
As can be seen in the photos of residues shown in Figure 4 , the residue of the nonflame retardant paper is very little, only 0.14 wt.% based on the weight of paper before burning, while those of the FRpaper with 6 wt.% HHMAPT and 6 wt.% HHMAPT/10 wt.% PMMM are much more, about 15 wt.%, and appear intumescent. And the residue of the washed FR-paper with HHMAPT is reduced to 3.47 wt.%, while that of the washed FR-HHMATP/10 wt.% PMMM is similar to that of FR-paper with HHMAPT; but the THR, PHRR, MHRR, peak effective heat of combustion (PEHC) and MEHC are smaller, and the time required for complete combustion is longer. Although the washing increases significantly, the HRR, PHRR, MHR and THR of FRpaper with HHMATP and HHMATP/ PMMM, the data above are still significantly lower than for non-flame retardant paper. Moreover the data with HHMATP /PMMM are lower than with HHMATP, time required for complete combustion is about 235 s. However, the HRR of FRpaper with 6 wt.% HHMAPT increases slowly; the mass is slowly lost after igniting; time of complete combustion is prolonged, and the maximum heat release rate (PHRR), average heat release rate (MHRR), average effective heat of combustion (MEHC) and the THR obviously decrease. While the burning behaviour of the washed FR-paper with HHMAPT is similar to that of non-flame retardant paper, and that of FR-paper with 6 wt.% 
HHMAPT paper with HHMAPT/ PMMM is still up to 12.67 wt.%. The residue of the FRpaper with PMMM is just 3.63%.
An SEM of the residue section presented in Figure 5 shows that the residue appears to be of a sheet structure, while that of the FR-paper with HHMAPT and HHMAPT/PMMM is wider, more compact and smoother, which results in better flame retardancy due to the greater barrier effect on heat and air, as well as prevention of the volatilisation of the pyrolysis products of paper.
The structure of the phosphorus compound in the residues of the FR-paper with HHMAPT/PMMM and HHMAPT (the residues were dissolved in 10 wt.% sodium hydroxide solution) was characterised by 31 P NMR. Both 31 P NMR are the same, shown in Figure 7 , with the main chemical shift around 5.5 ppm, which indicates that the dominant phosphorus compound is sodium phosphate (phosphoric acid compounds are converted into sodium phosphate in the presence of sodium hydroxide). The result above reveals that HHMAPT is converted into phosphoric acid compounds such as phosphoric acid, metaphosphoric acid and the polyphosphoric acid in the process of combustion, which is consistent with the thermal degradation behaviour of poly(diphenoyphosphazene) [27] , seen in Figure 6 Equation of reaction 4.
Based on the results above, it can be concluded that HHMAPT plays a flame retardant role mainly by condensedphase mechanisms. In the process of combustion, HHMAPT is decomposed into non-volatile phosphoric acid compounds which promote the carbonisation of paper, with inert gases such as CO 2 , and N 2 released from the decomposition of HHMAPT, PMMM and paper making the char foam. The intumescent layer formed results in flame retardancy by means of the barrier effect on heat, air and decomposition products.
Physical properties of the paper
Physical properties of the papers were tested according to the standard, the results of which are shown in Table 3 .
The data shows that the folding strength and tensile strength of the FR-paper with 6 wt.% HHMAPT are obviously reduced, while that of the FR-paper with 6 wt.% HHMAPT/10 wt.% PMMM is slightly decreased and the tensile strength is obviously increased. In addition, the whiteness of the FR-paper is slightly decreased. n Conclusions HHMAPT/PMMM not only has excellent flame retardancy in paper, but also has good water resistance. The LOI of the non-flame retardant paper is 22.1%, and burns completely in the vertical burning test. However, when the dosages of HHMAPT and PMMM are 6 wt.% and 10 wt.%, respectively, based on the weight of paper, the LOI of the FRpaper can be up to 42.0%; the after flame time is reduced to 0.5 s, the burning time to 0 s, and the char length is only 5.4 mm in the vertical combustion test. While the LOI of the washed FR-paper can still be up to 33.5%; the after flame time is reduced to 4.8 s, the burning time to 0 s, and the char length is only 12.0 mm. The results of CCT reveal that compared with the non-flame retarded paper, the heat release rate (HRR) of the FRpaper with HHMAPT/PMMM increases slowly; the mass loss becomes obviously slow, and the PHRR, MHRR, MEHC and THR decrease significantly. Although the HRR, PHRR, MHRR, MEHC and THR are increased by washing, the data of the washed FR-paper above are still obviously lower. Analysis of the residues obtained from the CCT shows that HHMAPT/PMMM plays a flame retardant role mainly by means of the condensed phase mechanism. The HHMAPT is decomposed into phosphoric acid compounds in the process of combustion, which promotes the carbonisation of paper, and inert gases such as CO 2 , N 2 , NH 3 released from the thermal decomposition of HHMAPT, PMMM and paper make the char foam. The intumescent layer formed results in flame retardancy by means of the barrier effect on heat and air as well as prevention of the volatilisation of pyrolysis products of the paper.
